Abstract Arene ruthenium complexes containing long-chain N-ligands L 1 = NC 5 H 4 -4-COO-C 6 H 4 -4-O-(CH 2 ) 9 -CH 3 or L 2 = NC 5 H 4 -4-COO-(CH 2 ) 10 -O-C 6 H 4 -4-COO-C 6 H 4 -4-C 6 H 4 -4-CN derived from isonicotinic acid, of the type These complexes and nanoparticles show a high anticancer activity towards human ovarian cell lines, the highest cytotoxicity being obtained for complex 2 (IC 50 = 2 lM for A2780 and 7 lM for A2780cisR).
Introduction
Arene ruthenium complexes containing chloro ligands are both lipophilic and watersoluble, which preconditions these organometallics for bio-medical applications such as anticancer agents [1] . The field of antitumoural and antimetastatic arene ruthenium complexes has, in recently years, received considerable attention [2, 3] , following the notion of using arene ruthenium compounds as anticancer agents by Tocher et al. in 1992, who observed a cytotoxicity enhancement by coordinating the anticancer agent metronidazole [1-b-(hydroxyethyl)-2-methyl-5-nitro-imidazole] to a benzene ruthenium dichloro fragment [4] . The prototype arene ruthenium(II) complexes evaluated for anticancer properties in 2001 were (p-MeC 6 H 4 Pr i )Ru(P-pta)Cl 2 (pta = 1,3, 5-triaza-7-phospha-tricyclo-[3.3.1.1]decane), termed RAPTA-C [5] , and [(C 6 H 5 Ph)-Ru(N,N-en)Cl] [PF 6 ] (en = 1,2-ethylenediamine) [6] .
Isonicotinic acid is widely used for the synthesis of antibiotics and antituberculosis preparations [7] , and it has strong bactericide effects [8] . We have been interested in the use of long-chain isonicotinic esters as lipophilic components in order to increase the anticancer activity of arene ruthenium complexes, while at the same time, using a molecule that is known to be tolerated in vivo. Only one arene ruthenium complex containing isonicotinic acid has been reported so far, namely [(C 6 H 6 )Ru(NC 5 H 4 COOH)] by Małecki et al. [9] , but the biological properties of the complex were not studied.
In this paper we describe the synthesis and characterization of arene ruthenium complexes of the type [(arene)Ru(L)Cl 2 ] containing long-chain isonicotinic ester ligands L and of ruthenium nanoparticles stabilized by these ligands, and in addition, the cytotoxicity of these agents is reported.
Experimental Section

Synthesis
Solvents were dried using appropriate drying agents and distilled prior to use. RuCl 3 Á3 H 2 O (Johnson-Matthey), 1-bromodecane (Sigma-Aldrich), isonicotinoyl chloride hydrochloride (Sigma-Aldrich), hydroquinone (Sigma-Aldrich) were used as received. NMR spectra were recorded on a Bruker DRX 400 MHz spectrometer at 400.13 ( 1 H) with SiMe 4 as internal references and coupling constants are given in Hz. Infrared spectra were recorded on Perkin-Elmer FT-IR spectrometer as KBr pellets. UV-Vis studies were recorded on a UVIKON 930 spectrometer. For the ruthenium nanoparticles, the particle size was determined using a transmission electron microscope, Philips CM 200 operating at 200 K, and the chemical analysis determined by Energy Dispersive X-ray spectroscopy. Preparation of the Ruthenium Nanoparticles (7-10)
The L 1 -stabilized Ru nanoparticles 7 were prepared by reducing 1 (5 mg, 8.26 9 10 -3 mmol) under solvent-free conditions in a magnetically stirred stainless-steel autoclave (volume 100 mL) with H 2 (50 bar) at 100°C for 64 h. Alternatively, the L 1 -stabilized Ru nanoparticles 8-10 were obtained by reacting 5 mg of [(arene)Ru(H 2 O) 3 ]SO 4 (for 8 arene = C 6 H 6 ; for 9 arene = p-MeC 6 H 4 Pr i ; for 10 arene = C 6 Me 6 ) with one equivalent of ligand L 1 in absolute ethanol (1 mL) in a magnetically stirred stainless-steel autoclave (volume 100 mL) under 50 bar pressure of H 2 at 100°C for 14 h. After pressure release, the solvent was removed and the nanoparticles were dried in vacuo. The characterization of the nanoparticles 7-10 is presented in Figs. 1, 2, 3 , and 4. The size distribution of the ruthenium(0) nanoparticles was studied by transmission electron microscopy (TEM) using the ''ImageJ'' software [18] for image processing and analysis. The mean particle size was estimated from image analysis of ca. 100 particles at least.
Cytotoxicity test (MTT assay)
Cytotoxicity was determined using the MTT assay (MTT=3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide. Cells were seeded in 96-well plates as monolayers with 100 ll of cell solution (approximately 20,000 cells) per well and preincubated for 24 h in medium supplemented with 10% FCS. Compounds were added as DMSO solutions and serially diluted to the appropriate concentration (to give a final DMSO concentration of 0.5%). The concentration of the nanoparticle solutions used in the cytotoxicity assays is based on the concentration of ruthenium in the precursor present in the solution used to prepare the nanoparticles and assuming quantitative conversion. 100 ll of drug solution was added to each well and the plates were incubated for another 72 h. Subsequently, MTT (5 mg/mL solution in phosphate buffered saline) was added to the cells and the plates were incubated for a further 2 h. The culture medium was aspirated, and the purple formazan crystals formed by the mitochondrial dehydrogenase activity of vital cells were dissolved in DMSO. The optical density, directly proportional to the number of surviving cells, was quantified at 540 nm using a multiwell plate reader and the fraction of surviving cells was calculated from the absorbance of untreated control cells. Evaluation is based on means from two independent experiments, each comprising three microcultures per concentration level. 
The solventless reduction of solid [(C 6 H 6 )Ru(L 1 )] (1) with H 2 (50 bar, 50°C) gives ruthenium nanoparticles 7 stabilized by the isonicotinic ester ligand L 1 , which have a mean particle size of 8. The in vitro cytotoxicity of 1-10 has been studied in the A2780 ovarian cancer cell line and cisplatin resistant variant A2780cisR using the MTT assay. Nanoparticles are finding increasing application in medicinal chemistry being used as drug delivery agents, photodynamic therapy, luminescent imaging agents and magnetic imaging agents. In particular, the selective accumulation of nanoparticles in tumour tissue through the enhanced permeability and retention effect, and tunable physical and chemical properties, are attractive properties for such applications [19] [20] [21] [22] . The ''enhanced permeability and retention'' (EPR) effect is a phenomenon in which macromolecules are able to accumulate at the tumour site due to the dramatic increase in blood vessel permeability within diseased tissues compared to normal tissues [23] . To the best of our knowledge, these are the first examples of ruthenium nanoparticles to be evaluated as potential antitumour agents. It should be noted, however, that ruthenium based lipovectors that assemble to form lamellar vesicles have recently been reported [24] . It should be noted that while most attention has been focused towards mononuclear arene ruthenium anticancer compounds [2, 3, 25] , there has been increasing interest in polynuclear complexes [26] [27] [28] [29] , including clusters [30] , which display excellent pharmacological properties. The monomeric dichloro complexes of ligand L 1 (1-3), exhibit very high cytotoxicity in both the A2780 and resistant cell line, see Tables 1 and 2 . In particular, the benzene and p-cymene complexes have IC 50 values equivalent to cisplatin in the A2780 line (1.6 lM) and 2-3 fold lower in the cisplatin resistant line A2780cisR [31] . Interestingly, the analogous pyridine complex [(p-MeC 6 H 4 Pr i )-Ru(py)Cl 2 ] is essentially inactive (IC 50 = 750 lM) under comparable conditions [32] , suggesting that the cytotoxicity of 1-3 may be due to the long-chain isonicotinic ester group. This is supported by the very low IC 50 values observed for the free ligand L 1 (5, 11 lM). In contrast, L 2 exhibited much lower cytotoxicity, as did complexes 4-6, possibly due to their poorer aqueous solubility.
The L 1 -stabilized Ru nanoparticles 7-10, also exhibit moderate cytotoxicity in the ovarian cancer cell line, with the exception of p-cymene derived system 9, which was unusually inactive (Table 3 ). For the other compounds, the size of the nanoparticles and nature of the ligands in the precursor complex appears to have little effect on cytotoxicity, with all three compounds exhibiting similar IC 50 values (29-39 lM). It seems probable that the isonicotinic ester ligand L 1 is important to the in vitro activity of the complexes given that the free ligand is so cytotoxic. In fact, a number of structurally similar isonicotinic esters with long alkyl chains have previously been reported to show interesting biological activity [33] [34] [35] . 
Conclusions
A series of arene ruthenium complexes containing a long-chain N-ligands were prepared as were a series of ruthenium-based nanoparticles coated with the same long-chain ligands. The cytotoxicity of the two series of compounds, i.e. small molecule molecular complexes and nanoparticles, were evaluated in human ovarian cancer cells (A2780). It was found that the small molecules were more cytotoxic than the nanoparticles and while it is difficult to give a reason for this difference it could be due to more efficient uptake of the mononuclear complexes. It is worth noting that for the complexes, the cytotoxicities reflect, to some extent, that of the free ligands. The cytotoxicity of the mononuclear complexes was also established in the cisplatin resistant variant cell line, A2780cisR, and essentially the same degree of resistance was observed for these compounds compared to that of cisplatin. Overall, the similarity in cytotoxicites in the two studied cell lines between 1 and 2 and cisplatin is remarkable, especially for such structurally different compounds. However, it is too early to say whether these ruthenium compounds exert their cytotoxic effect via a similar mechanism to cisplatin or whether different mechanisms are in operation. While the ruthenium nanoparticles are less cytotoxic than the complexes, the fact that they can potentially target tumour tissue selectively via the enhanced permeability and retention effect, still endows them with promise, but an in vivo study is needed to establish whether such systems really can accumulate selectively in tumours.
